ABSTRACT Social interactions among individuals are ubiquitous both in animals and in plants, and in natural as well as domestic populations. These interactions affect both the direction and the magnitude of responses to selection and are a key factor in evolutionary success of species and in the design of breeding schemes in agriculture. At present, however, very little is known of the contribution of social effects to heritable variance in trait values. Here we present estimates of the direct and social genetic variance in growth rate, feed intake, back fat thickness, and muscle depth in a population of 14,032 domestic pigs with known pedigree. Results show that social effects contribute the vast majority of heritable variance in growth rate and feed intake in this population. Total heritable variance expressed relative to phenotypic variance was 71% for growth rate and 70% for feed intake. These values clearly exceed the usual range of heritability for those traits. Back fat thickness and muscle depth showed no heritable variance due to social effects. Our results suggest that genetic improvement in agriculture can be substantially advanced by redirecting breeding schemes, so as to capture heritable variance due to social effects. S OCIAL interactions among individuals are ubiquitous both in animals and in plants, and in natural as well as domestic populations. These interactions affect both the direction and the magnitude of responses to artificial and natural selection (e.g., Wilham 1963; Hamilton 1964; Griffing 1967; Wade 1977; Frank 1998; Wolf et al. 1998) . Social interactions, therefore, are a key factor in the design of artificial breeding programs in domestic species (Denison et al. 2003; Muir 2005) and for the outcome of evolutionary processes in natural populations (e.g., Hamilton 1964; Queller 1992; Frank 1998; Keller 1999; Clutton-Brock 2002) .
S
OCIAL interactions among individuals are ubiquitous both in animals and in plants, and in natural as well as domestic populations. These interactions affect both the direction and the magnitude of responses to artificial and natural selection (e.g., Wilham 1963; Hamilton 1964; Griffing 1967; Wade 1977; Frank 1998; Wolf et al. 1998) . Social interactions, therefore, are a key factor in the design of artificial breeding programs in domestic species (Denison et al. 2003; Muir 2005) and for the outcome of evolutionary processes in natural populations (e.g., Hamilton 1964; Queller 1992; Frank 1998; Keller 1999; Clutton-Brock 2002) .
In agriculture, reduction of competitive behaviors is critical for improving animal well-being and productivity in confined high-intensity rearing conditions (Craig and Muir 1996; Kestemont et al. 2003; Muir 2005) . Both theoretical and empirical work has shown that the relatedness among interacting individuals and the distribution of selection pressure over the individual and group levels are key factors for response to selection (Griffing 1967 (Griffing , 1976 Craig and Muir 1996; Muir 1996; Bijma et al. 2007a) . In evolutionary biology, the debate centers on the evolution of social behaviors such as altruism and cooperation and whether these can be explained by interactions among relatives and selection acting at multiple levels (Hamilton 1964; Michod 1982; Wade 1978 Wade , 1985 Frank 1998; Wolf et al. 1998; Keller 1999) .
In evolutionary biology, numerous theoretical models have been proposed for understanding the consequences of social interactions, and seemingly different models often appear to be equivalent formulations of the same process (Keller 1999; Lehmann and Keller 2006; Lehmann et al. 2007) . There is an urgent need, however, for modeling approaches that can be applied empirically, so as to bring theory and observation into closer contact (Leimar and Hammerstein 2006, Lehmann et al. 2007) . Quantitative genetics has a strong tradition of combining theory and application (Falconer and Mackay 1996; Lynch and Walsh 1998) . In particular, the so-called animal model, combined with maximumlikelihood methodology, has proven to be a powerful and flexible tool for genetic analysis of complex traits in real populations (Patterson and Thompson 1971; Henderson 1975; Sorenson and Kennedy 1986; Lynch and Walsh 1998 and references therein; Kruuk 2004) . Muir and Schinkel (2002) extended the animal model to analyze socially affected traits. Subsequent work, however, suggested that genetic parameters of social effects are difficult to estimate (Arango et al. 2005; Van Vleck and Cassady 2005; Van Vleck et al. 2007) . Those studies presented results from different statistical models, often with nonsignificant and unexpected results, and did not clarify the implications of observed results for genetic theory and response to 1 selection. As a consequence, the magnitude of heritable social effects and its consequences for response to selection are still largely unclear.
Recently, Muir (2005) and Bijma et al. (2007a,b ) presented a quantitative genetic framework for the prediction of response to selection and for statistical analyses of traits affected by social interactions. Together with the work of Ellen et al. (2007) , this work combines classical and socially affected traits into a single quantitative genetic framework. By adding a level of individual-by-individual interaction to the classical variance components, Bijma et al. (2007a) showed that social interactions among individuals generate an additional level of heritable variation. This additional heritable variation is not part of the observed phenotypic variance, meaning that socially affected traits may posses a heritable variance exceeding observed phenotypic variance. As a consequence, response of socially affected traits to selection can be very large compared to observed variability among individuals, at least in theory. Bijma et al. (2007b) show that the quantitative genetic model for socially affected traits dictates which components to include in statistical models for analyzing real data, in particular for the nonheritable component of social effects. Application to mortality due to cannibalistic behavior in domestic chickens showed that heritable variance in mortality was two-to threefold greater than classical additive genetic variance (Bijma et al. 2007b; Ellen and Bijma 2008) .
At present, still very little is known of the genetic parameters underlying socially affected traits. Here we present estimated genetic parameters for direct and social genetic effects on growth rate, feed intake, back fat thickness, and muscle depth in domestic pigs (Sus scrofa). Our results show that social effects contribute the vast majority of heritable variance in growth rate and feed intake in this population.
THEORY
This section summarizes the quantitative genetic theory for traits affected by social interactions presented in Bijma et al. (2007a) , emphasizing the consequences for heritable variance. In classical quantitative genetics, observed trait values (P) are the sum of a heritable component (A, breeding value), and a nonheritable component (E, environment); P ¼ A 1 E (Falconer and Mackay 1996; Lynch and Walsh 1998) . When trait values of individuals are affected by interactions with others, this model needs to be expanded with social effects (Dickerson 1947; Wilham 1963; Griffing 1967; Cheverud 1984; Wolf et al. 1998) . When interactions take place within groups of n individuals, the trait value of each individual may be modeled as the sum of a direct effect rooted in the individual itself and the summed social effects due its n À 1 group members. Both direct and social effects may be decomposed into a heritable component, A, and a nonheritable component, E, so that the trait value of individual i is
i6 ¼j ðA S;j 1 E S;j Þ ð 1Þ (Griffing 1967) , in which A D;i is the heritable direct effect of individual i on its own trait value, E D;i is the corresponding nonheritable direct effect, A S;j is the heritable social effect of group member j on the trait value of i, E S;j is the corresponding nonheritable social effect, and P nÀ1 i6 ¼j represents the sum taken over the n À 1 group members of i. Henceforth, we refer to A D and A S as direct and social breeding values (DBV and SBV). It follows from Equation 1 that the phenotypic variance equals Arango et al. 2005 ; see the appendix for derivation), in which s 2 denotes variance, s ADS the covariance between direct and social breeding values of individuals, and r the mean additive genetic relatedness among group members (the r is twice the mean pairwise coefficient of coancestry between group members; Lynch and Walsh 1998).
Because each individual interacts with n À 1 others, the total heritable impact of an individual on the mean trait value of the population is the sum of the individual's DBV and n À 1 times its SBV. Bijma et al. (2007a) , therefore, defined the total breeding value (TBV),
The TBV is a generalization of the usual breeding value, to account for heritable social effects on trait values. Analogous to classical theory, response to selection equals the change in mean TBV per generation,
The D A D represents the usual response to selection, whereas the ðn À 1ÞD
A S represents the response originating from the change in mean social environment that individuals experience.
In classical theory, heritable variance in trait value is the variance of breeding values among individuals. Analogously, for socially affected traits, heritable variance is the variance of TBVs among individuals (Bijma et al. 2007a) ,
In Ellen et al. (2007) show that response to selection equals D P ¼ irs TBV , in which i represents the intensity of selection and r the correlation between the selection criterion and the TBV of individuals. This expression is fully analogous to the classical expression for response, D P ¼ irs A , in which r represents the correlation between the selection criterion and the classical breeding value (Falconer and Mackay 1996) Netherlands. This is a farrow-to-finish farm of 170 crossbred sows and a rotational use of six sire lines in a 3-week system, with direct comparison of alternating combinations of two sire lines at any time. Five sow crosses were used as dams of the finishing pigs; two sow crosses were present at any time. To disentangle the common environment among litter mates due to the biological mother from that due to the foster mother, at least 25% of the live born piglets of each sows were crossfostered during the weaning period (i.e., before the start of the finishing period).
Data consisted of records on 14,032 finishing pigs, descending from 397 sires and 580 dams. Table 1 shows the distribution of observations (animals with slaughter record), number of sires, and number of dams over the different combinations of sire lines and sow crosses. Pens consisted of 6-12 animals of the same gender (male, female, or castrate). The penning strategy aimed at reducing variation in penning weight within pens. Due to the working method on the farm, the probability of penning litter mates together was higher than that of penning at random. As a consequence, average relatedness within pen was 0.18, ranging from 0.01 to 0.51. Relatedness was calculated using three generations of pedigree.
About one-third of the finishing pigs of each cross were fed ad libitum, using IVOG (INSENTEC, Marknesse, The Netherlands) feeding stations to record feed intake ( Table 2) . With ad libitum feeding, average daily eating time was $1 hr per individual. Because maximum pen size was 12 individuals, feeding stations were vacant at least 50% of the day and thus available for (submissive) animals. The remaining two-thirds of the finishing pigs were fed restricted at a group level during the entire finishing period. Individual feed intake was unknown for restricted fed animals. On a pen level, restricted feed intake was $90% of feed intake in ad libitum fed pens. For restricted fed animals, the amount of feed per pen was transported once a day to the dry feeders, which took $4 hr for the entire farm and started at 8:00 am. Per pen, only one animal at a time could use the dry feeder. A nipple drinker was mounted over the feeding pan of the dry feeder.
All finishers were weighed individually at the start of the finishing period at $27 kg. At slaughter, hot carcass weight was recorded along with back fat thickness and muscle depth using the Hennessy grading probe. Four traits were analyzed: growth rate (grams per day), back fat thickness (millimeters), muscle depth (millimeters), and feed intake (grams per day). Growth rate was calculated as calculated live weight minus penning weight, divided by the length of the finishing period. Live weight was calculated as 1:3 3 Hot Carcass Weight À0:0025 3 Hot Carcass Weight 2 1 0:2075 3 Hot Carcass Weight (Handboek Varkenshouderij 2004) . Feed intake was calculated as cumulative feed intake during the finishing period, divided by the length of the finishing period. Table 2 shows the number of observations and means for all traits. Ad libitum fed animals had a higher growth rate and a somewhat higher back fat thickness and muscle depth than restricted fed animals. The number of animals with slaughter records was $15% lower than the number of penned animals, mainly due to loss of information, such as ear tags.
METHODS
Genetic parameters were estimated using residual maximum likelihood (ReML) with an animal model (Patterson and Thompson 1971; Henderson 1975; Lynch and Walsh 1998; Kruuk 2004 ). Three models were compared: first, the classical animal model (model 1); second, the classical animal model extended with nonheritable social effects of pen mates (model 2); and third, the classical animal model extended with both heritable and nonheritable social effects of pen mates (model 3).
Model 1 was
in which y is the vector of observations; X, Z, and W are known incidence matrices; b is a vector of so-called fixed effects, which account for systematic nongenetic differences between groups of individuals (see below); a is a vector of random additive genetic effects (breeding values), which were assumed to follow a normal distribution, a $ N ð0; As 2 A Þ; c is a vector of random nongenetic effects common to individuals born in the same litter, with c $ N ð0; I c s 2 c Þ; and e is a vector of residuals, with e $ N ð0; I e s 2 e Þ. The I c and I e are identity matrices of the appropriate dimensions, and A is a matrix of additive genetic relationships among all individuals (e.g., Lynch and Walsh 1998) . Common litter effects are routinely included in genetic analyses of pig data, to account for nongenetic covariances between full sibs due to the shared maternal environment.
The fixed effects depended on the trait analyzed. For growth rate, b included effects of the number of pen mates, the gender of the individual (male, female, or castrate), the combination of sire line by sow cross of the parents of the animal (1..28), the feeding strategy (restricted or ad libitum), and the compartment in which the pen was located (1..18). In addition, b included a linear regression on hot carcass weight in the analyses of back fat thickness and muscle depth and a linear regression on body weight at penning in the analysis of feed intake. In pig breeding, it is common practice to adjust back fat thickness and muscle depth for carcass weight and to adjust feed intake for penning weight when known.
Model 2 accounted for nonheritable social effects (s 2 ES . 0). Nonheritable social effects create a nongenetic covariance among pen mates equal to Cov penmates ¼ 2s EDS 1 ðn À 2Þs 2 ES (Bijma et al. 2007b) . Bijma et al. (2007b) showed that even a small nongenetic covariance among pen mates may substantially bias the estimated genetic parameters, illustrating the need to account for such covariance in the statistical analysis. To account for this covariance, Bijma et al. (2007b) fitted a correlation between residuals of group members, which is the general solution allowing any Cov penmates . However, when Cov penmates is positive, which is likely unless n is small, an equivalent but simpler solution is to fit random pen effects rather than correlated residuals within pens. It follows from the general statistical result that ''covariance within groups equals variance among group means,'' that the variance of the random group effect equals Var groupmeans ¼ Cov penmates ¼ 2s EDS 1 ðn À 2Þs 2 ES . (Our simulated data confirmed equivalence of both models as long as Cov penmates $ 0, results not shown.) Preliminary analyses confirmed that Cov penmates was positive for all traits in our data. We, therefore, fitted a random group effect, which converged easier and took less computing time than fitting correlated residuals. (Note, we use ''group'' to refer to the animals in the same pen.) Thus model 2 was
in which V is a known incidence matrix for groups and g a vector of random group effects, with g $ N ð0; I g s 2 g Þ. Other elements were the same as in model 1.
Model 3 accounted for both heritable and nonheritable social effects,
in which Z D and Z S are known incidence matrices for direct and social genetic effects, and a D and a S are vectors of random direct and social genetic effects, with
and 5 indicates the Kronecker product of matrices. Other elements were the same as in model 2. In model 3, the Z S a S accounts for heritable social effects, whereas the Vg accounts for the nonheritable social effects. The Z D -matrix in model 3 is identical to the Z-matrix in models 1 and 2; in model 3, we included the subscript D to emphasize the difference from Z S . All models were fitted using ReML as implemented in the ASREML software (Gilmour et al. 2002) . Traits were analyzed univariately. Thus four separate analyses were done, one for each trait. All penned animals were included in the analyses, even when their slaughter records were missing. Because maximum group size was 12 animals, the design matrix Z S had 11 columns, one for each group member. For groups ,12 animals, Z S contained a 1 for each of the n group members, while the remaining (12 À n) elements of Z S were set to missing. The matrix of additive genetic relationships, A, was calculated using information on three generations of pedigree. A total of 19,674 animals were included in the pedigree. Animals in the pedigree originated from 13 genetic groups, each representing a particular boar or sow line. To account for a possible effect due to genetic groups, groups were accounted for in the calculation of the A-matrix (Thompson 1979) .
Validation focused on growth rate. To validate our results, we performed three additional analyses. First, we extensively tested alternative models, so as to identify nongenetic factors confounded with heritable social effects, thus causing false positive results (see the appendix). Second, we evaluated the predictive ability of estimated classical breeding values vs. estimated direct and social breeding values. For this purpose, the observation on growth rate of every 10th animal was omitted from the data, but the animal remained in the pedigree file. Next, ASREML was used to estimate either classical breeding values or direct and social breeding values for all animals, including those whose records had been set to missing. Subsequently, values of the records set to missing were predicted using the estimated fixed effects and either the estimated classical breeding values or the estimated direct and social breeding values. Analysis of variance was used to evaluate the predictive ability of the estimated classical breeding values vs. the estimated direct and social breeding values (using PROC GLM of SAS). Third, we used independent data on 13,168 individuals of a different population descending from the same genetic lines, collected on a different farm, to obtain an independent estimate of the genetic parameters. These data did not overlap with the data described above, but contained information on growth rate only; independent data on the other traits were not available. Pen size was 10 animals. Data were analyzed using model 3.
RESULTS
For all traits, heritabilities from model 1 were in line with the literature, although the estimate for feed intake was in the upper range (Table 3 ; Clutter and Brascamp 1998) . For growth rate and feed intake, a likelihood-ratio test strongly favored model 2 over model 1 (P > 0.001).
Results from model 2 revealed a substantial variance of the pen effect for growth rate and feed intake, whereas estimates for back fat thickness and muscle depth were small (Table 4) . Pen effects contributed 27% of phenotypic variance in growth rate and even 42% of phenotypic variance in feed intake. Inclusion of pen effects reduced estimated genetic, common litter, and residual variances (Table 4 vs. Table 3 ). As a result, heritability dropped from 0.36 to 0.25 for growth rate and from 0.41 to 0.18 for feed intake. This shift indicates a partial confounding of pen and pedigree, which agrees with the above-average relatedness among pen mates (see materials). Due to the relatedness among pen mates, covariances among pen mates are fitted as heritable variance when pen effects are omitted from the model.
Accounting for pen effects is not common in pig breeding, because physical differences among pens are usually minor and pen number is often not recorded. Also in our data, physical differences among pens were negligible, apart from effects accounted for in the model such as restricted vs. ad libitum feeding. The pen effects, therefore, seemed to originate from the individuals within the pen, rather than from external factors, suggesting substantial social effects. Thus our results suggest that including pen effects in the model may be essential to avoid biased estimates of genetic parameters, even when pens are fully standardized.
For growth rate and feed intake, a likelihood-ratio test with 2 d.f. strongly favored model 3 over model 2 (P > 0.001). Model 3 yielded highly significant social genetic variances for growth rate and especially for feed intake, whereas estimates for back fat thickness and muscle depth were small and nonsignificant ( Table 5 ). These values are well outside the usual range of heritabilities for those traits (Clutter and Brascamp 1998) , indicating that social effects create additional heritable variance. Comparing Tables  4 and 5 shows that heritable variance expressed relative to phenotypic variance, T 2 ¼ s 2 TBV =s 2 P , was almost threefold greater than classical heritability for growth rate and almost fourfold greater than classical heritability for feed intake. These results show that social effects contribute the vast majority of heritable variance in growth rate and feed intake in this population. The standard error of T 2 for feed intake was large compared to that for other traits. This is due to the smaller number of observations and the large contribution of social genetic effects, which were estimated with lower precision.
Estimated genetic correlations between direct and social genetic effects were positive but mostly nonsignificant (r ADS , Table 5 ). This result suggests absence of conflict between self interest and interest of others, indicating that heritable interactions were not competitive, but rather neutral or slightly cooperative. When this is the case, classical mass selection for growth rate or feed intake would not increase competition among animals.
Including heritable social effects reduced estimated pen effects (Table 4 vs. Table 5 ). As argued above, pen effects seemed to originate from social interactions among individuals, rather than from physical differences among pens. In Table 4 , pen effects originate from both heritable and nonheritable social effects, Estimates were obtained using model 1 (Equation 6); 6 indicates standard errors of estimates.
TABLE 4
Estimates from the classical approach including random pen effects whereas in Table 5 heritable social effects are included in s 2 AS and s ADS , thus reducing estimated pen effects. In the statistical analyses of growth rate, feeding strategy was included as a fixed effect, which accounts for differences in mean growth rate between both treatments. However, a different feeding strategy may create differences not only in mean but also in variance. We, therefore, split the data into two subsets, one for each feeding strategy, and analyzed both subsets separately (last two rows in Table 5 ). Residual variance for growth rate differed significantly between feeding strategies, being largest with restricted feeding. Apparently, competition for limited resources in restricted fed pens increases differences in growth rate among individuals.
Analyses always converged to the same results, irrespective of starting values used in ASREML (unless starting values were so extreme that convergence failed totally). Details on model comparisons are in the appendix; here we summarize main results. In mammals, confounding of genetic and environmental effects occurs mostly via the dam. We, therefore, fitted a sire model, so that information on genetic parameters comes entirely via paternal relationships (Lynch and Walsh 1998) . Compared to Table 5, the sire model yielded similar direct genetic variance and higher social genetic variance in growth rate (66 vs. 51). The full data used for Table 5 were a mix of individuals descending from different sire and dam lines (see materials). To investigate a potential bias due to this mixture of lines, we analyzed the subset of individuals descending from the single largest sire line (line H, Table 1 ). Compared to Table 5 , this analysis yielded a slightly higher social genetic variance in growth rate (71 vs. 51). In the full data, pen size varied from 6 through 12. To investigate a potential effect of varying pen size, we analyzed the data subset for the most frequent pen size (n ¼ 8). Compared to Table 5 , this analysis yielded a higher social genetic variance (73 vs. 51). In summary, all models investigated yielded a highly significant social genetic variance in growth rate, mostly close to that in Table 5 , but occasionally higher.
Analysis of variance was used to evaluate the ability of the estimated classical breeding values vs. estimated direct and social breeding values to predict missing records (see methods). When estimated DBV and SBV were not included in the model, estimated classical breeding values were highly significant (P , 0.0001). This result shows that estimated classical breeding values were meaningful in the absence of estimated DBV and SBV. However, when fitting both estimated classical breeding values and estimated DBV and SBV, classical breeding values were no longer significant (P ¼ 0.09), whereas estimated DBV and SBV were highly significant (P ¼ 0.0018 for DBV; P , 0.0001 for SBV). These results confirm significance of social genetic effects. The analysis of independent data yielded the following results for growth rate:ŝ Table 5 . DISCUSSION Our results demonstrate that social effects may contribute the vast majority of heritable variation in some quantitative traits in mammals. Heritable variances in growth rate and feed intake were more than twofold greater than suggested by classical heritability. Estimated social genetic variances for growth rate and feed intake were highly significant, which was confirmed by extensive model comparison and independent data. Our results, therefore, demonstrate that heritable social effects are not merely of theoretical interest, but have significant biological relevance in a real population. Because response to selection is proportional to standard deviation in TBV, potential response in growth rate and feed intake in this population is substantially larger than suggested by classical heritability (D P ¼ irs TBV ; Ellen et al. 2007 ). The increases in heritabilities found are in line with large responses to selection found by Craig and Muir (1996) .
Growth rate and feed intake are strongly influenced by social interactions while back fat thickness and muscle depth show only a small increase in heritability. Since carcass weight is part of the statistical model for back fat thickness and muscle depth, these traits describe carcass composition rather than quantity. Our results therefore indicate that carcass composition is little affected by social interactions.
Previous results: Few studies have reported genetic variance in social effects. Bijma et al. (2007b) and Ellen et al. (2008) reported significant social genetic variance in laying hens. Arango et al. (2005) attempted estimation of direct and social genetic parameters for growth rate in a population of 4946 female finishing pigs. However, due to the data structure in that study, accurate estimation of social genetic variance was impossible, resulting in a nearly flat likelihood and spurious convergence. Van Vleck et al. (2007) estimated direct and social genetic effects for growth rate in a population of 1882 feed lot bulls. For most of their results, social genetic effects were nonsignificant, which is not surprising given their small data set of a few large pens. With few pens, it is difficult to discriminate between heritable and nonheritable effects, because heritable and nonheritable social genetic covariances among individuals are fully confounded within pen. Chen et al. (2006) estimated genetic parameters of direct and social genetic effects for growth rate in a population of 11,235 pigs, kept in pens of 15 individuals. Although the authors did not report significance levels, log-likelihood values presented in their results suggest significant social genetic variance. As in the present study, Chen et al. (2006) observed a substantial increase in estimated direct heritability when group effects were omitted from the model, suggesting that their groups consisted partly of relatives.
The contribution of social effects to heritable variance is often misjudged. Both Van Vleck et al. Table 3 , scheme 1a). Although those results were not always significant, such values are large rather than small.
Remarkably, some studies referred to social effects as ''competitive effects,'' even when estimated genetic correlations between direct and social genetic effects were positive (Arango et al. 2005; Chen et al. 2006; Van Vleck et al. 2007) . A positive correlation, however, indicates that individuals with positive direct effects also have positive social effects on average, indicating mutual benefit rather than competition.
Estimability: Van Vleck and Cassady (2005) used simulated data to investigate estimability of social genetic effects. They showed that estimates depended heavily on whether or not group effects were included in the model and whether group effects were treated as fixed or random. Analyses without group effects yielded substantially overestimated social genetic variance, but the cause of this phenomenon was left unclear. In methods, we show that group effects take account of nonheritable social effects (s 2 ES . 0). Our simulations confirmed that the expected between-group variance equals 2s EDS 1 ðn À 2Þs 2 ES , illustrating that nonheritable social effects translate into between-group variance (results not shown). Because heritabilities are rarely close to 100%, it is unlikely that social effects are fully heritable (i.e., s 2 AS . 0 while s 2 ES ¼ 0). Therefore, when analyzing social genetic effects, one should always account for a nonheritable component, either by allowing residuals to be correlated within groups or by including random group effects when n is large.
Because between-group variance originates from nonheritable social effects, which are random effects, group effects should ideally be fitted as random rather than fixed. Van Vleck et al. (2007) and Chen et al. (2006) observed that analysis with groups included as a fixed effect failed, which also occurred in our analysis. Our simulations, in contrast, showed that genetic parameters are identifiable and estimates are unbiased when groups are treated as fixed and are composed fully at random with respect to family (results not shown). In our data, however, groups were partly composed of family members, which probably explains failure when including group as a fixed effect.
When group members are related, social genetic variance may not be identifiable. For example, the Appendix of Bijma et al. (2007b) shows that the data structure used by Wolf (2003) prohibits identification of the social genetic variance. Estimation of social genetic effects seems most powerful when populations consist of many small groups of unrelated individuals, but more research on optimum designs is needed.
Animal breeding: Animal breeders can utilize heritable social effects to increase response in their selection programs. Griffing (1967 Griffing ( , 1976 showed that breeding schemes need to be adapted to improve socially affected traits (see also Muir 2005) . One strategy to fully utilize heritable variance is to use groups composed of family members when recording phenotypic data. With this strategy, one may either keep selection candidates themselves in family groups, such as in classical group selection (e.g., Griffing 1976), or keep relatives of selection candidates in family groups and select among candidates on the basis of performance of their relatives. For example, Ellen et al. (2007) showed that accuracy of selection based on information of progeny kept in family groups has a maximum of 100%, whereas maximum accuracy was lower or even negative when progeny were kept in groups of unrelated individuals. Thus, animal breeders may use ''artificial kin selection'' to improve socially affected traits. Selection based on sib or progeny information does not require knowledge of direct and social genetic variances. When direct and social genetic variances are known, however, such as for the current pig population, selection on best linear unbiased predictions (BLUP) (Henderson 1975) of TBVs may yield a higher response or allow for different population structures. For example, Muir (2005) used simulated data to show that selection using BLUP yielded higher responses than group selection with groups composed of full sibs.
Social behaviors may depend on environmental circumstances. With restricted feeding on a pen level, competition for a fixed total amount of feed creates negative correlations between individual intakes within pens, causing a negative correlation between direct and social effects. Unfortunately, individual feed intake was not recorded with restricted feeding. Because growth rate and feed intake are highly genetically correlated (r g ¼ $0.65; Clutter and Brascamp 1998), one might expect restricted feeding to cause a negative genetic correlation between direct and social effects on growth rate. For both feeding strategies, however, genetic correlations were nonsignificant, suggesting that competition for finite resources on the phenotypic level does not necessarily translate to the genetic level.
Long-term selection: Classical traits not affected by social interactions often continue to respond to selection for many generations, indicating that selection does not exhaust heritable variance (e.g., Dudley and Lambert 2004) . It is unclear whether this observation extends to socially affected traits. Once social effects are on a ''sufficient'' level, further improvement of social behaviors may not translate into response in trait value. For example, once tree breeders would manage to breed individuals maintaining equal height, thus canceling competition for daylight, further increase in productivity by decreasing competition for daylight seems difficult. In quantitative genetic analysis, this phenomenon would surface as gradually decreasing social genetic variance. On the one hand, this would be undesirable because it reduces opportunities for further genetic improvement. On the other hand, however, a reduction in social genetic variance would increase uniformity of individuals, which is often desirable but has been difficult to achieve in livestock (SanCristobalGaudy et al. 1998; Hill and Zhang 2004) .
Social effects on kin: Hamilton proposed kin selection as a mechanism for the evolution of social behaviors (Hamilton 1964) . Kin selection may cause individuals to behave more cooperatively toward relatives compared to nonrelatives, because helping relatives has inclusive fitness benefits (e.g., Frank 1998). To investigate whether relatedness among individuals affected trait values in the current population, we included a linear regression of growth rate on mean additive genetic relatedness within pen in model 3 (Equation 8 ). The estimated regression coefficient equaled 29 g/ day (P , 0.10), meaning that a pen of full sibs (r ¼ 1 2 ) shows 15 g/day higher growth rate than a pen of nonrelatives. The 15 g/day correspond to $0.2 phenotypic standard deviation, indicating a moderate effect. We are currently investigating the origin of this effect. Including a regression on relatedness hardly affected estimated direct and social genetic parameters (results not shown).
Natural populations: For natural populations, collecting sufficient data involves substantial effort and often yields data structures that are difficult to analyze. Animal and plant breeders have developed flexible statistical tools, such as the so-called animal model, which may be useful for studying natural populations (e.g., Kruuk 2004) . Statistical methods presented in Muir (2005) and Bijma et al. (2007b) do not require balanced designs or specific family relationships within groups. Moreover, those methods enable estimating social genetic variance without the need to record the behavior per se. For example, as illustrated in this article, those methods allow estimating social genetic variance in growth rate without recording behavioral interactions among group members. Compared to behavioral studies, this represents a substantial saving of labor, which may be used to collect information on a larger number of individuals, to enable quantitative genetic analysis of meaningful accuracy. Application of an animal model requires (i) knowledge of which individuals interact with each other (i.e., the identification of groups), (ii) phenotypic records on the trait of interest, and (iii) additive genetic relatedness among all individuals. When pedigrees are unknown, either additive genetic relatedness may be estimated directly from molecular markers (Lynch and Ritland 1999; Toro et al. 2002; Oliehoek et al. 2006) or the pedigree may be reconstructed using molecular markers (Blouin 2003) . When DNA samples are available on multiple generations, pedigree reconstruction provides information on the number of offspring of individuals, i.e., on their fitness. Such information may be used to estimate total heritable variance in fitness, the contribution of social effects to total heritable variance, and the genetic correlation between direct and social genetic effects on fitness. Knowledge of this correlation would reveal the strength of heritable competition within species and the degree to which such competition constrains evolutionary success of the species.
We thank Jan Abelen and co-workers who collected the data and TOPIGS International for funding part of this research. Validation: To evaluate robustness of our estimates, we performed additional analyses for growth rate (Table  A1 ). The ''Basic'' row in Table A1 corresponds to results  in Table 5 . We distinguished four possible sources of bias:
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1. Due to imperfection of the statistical model, genetic and nongenetic effects might be confounded. 2. Our data were a mix of individuals from a large number of crosses (Table 1) , which might affect results. 3. For part of our data, all animals within a pen were slaughtered on the same day, whereas for the remaining part of the data, delivery decisions were based on individual body weight. As a result, the interval between delivery of the first and the last animal within a pen lasted up to 4 weeks. 4. Pen size varied between 6 and 12 individuals, which may affect estimates.
Confounding: Early life experience may affect social behaviors later in life. As a consequence, individuals born in the same litter may show similar social effects, leading to nongenetic covariances between social effects of full sibs. When not accounted for in the statistical analyses, such effects would inflate estimated social genetic variance. To reduce this risk, we performed two additional analyses. First, we applied a sire model, so that covariances between pen mates of full sibs do not contribute to estimated social genetic variance. Results of the sire model strongly supported the presence of social genetic variance (P , 0.001, ''Sire model,'' Table A1 ). Second, we fitted a nongenetic social effect common to individuals born in the same litter. For this purpose, we fitted the litter identification of an individual as a nongenetic effect in the records of its pen mates. This is an analogy of a classical common environmental effect, but in this case it refers to social effects rather than direct effects. Results showed a small but significant variance for the common social effect of litter mates (P , 0.05, Basic including social common environment row, Table A1 ), suggesting that early life experiences affect social behaviors. Estimated social genetic variance was not affected by including social common environment effects.
The basic model included a common environment among littermates. However, because at least 25% of individuals were cross-fostered, common environment due to the foster sow might affect estimates. Therefore, a model including common environment due to the foster sow, instead of the biological mother, was fitted (''Foster instead of common'' row, Table A1 ) as well as a model including both effects (''Both common and foster'' row, Table A1 ). Both effects were highly significant, but estimated genetic variance components were unaffected.
To account for a within-group nongenetic correlation, we included a random pen effect (see methods). We also evaluated an alternative model in which pens were treated as fixed effects, while omitting number of pen mates, gender, feeding strategy, and compartment, because of full confounding. This analysis converged, but variance components for social effects could not be estimated due to singularity (see discussion).
Multiple crosses: The full data consisted of crossbred individuals descending from multiple sire and dam lines. A sire model ignores existence of multiple dam lines. Results of the sire model, therefore, indicate that significant social genetic variance was not an artifact caused by multiple dam lines underlying the observed data (Sire model row, Table A1 ). To further investigate the effect of multiple parental lines, we analyzed the subset of data originating from the largest cross using model 3 (#H 3 $A; n ¼ 1417; Table 1 ). However, this analysis did not converge, probably due to the small number of observations. We, therefore, analyzed the next best alternative, which was the subset of individuals descending from the single largest sire line, but from multiple dam lines (''Only 1 sire line'' row, #H; n ¼ 3927, Table A1 ). Results confirmed the previous finding.
Analyses thus far assumed that residual variances did not depend on the cross. We investigated two alternatives allowing for heterogeneous residual variances, the first allowing for different residual variances per sire line (''Different error variances per sire line'' row, Table  A1 ) and the second allowing for different residual variances per cross (''Different error variances per cross'' row, Table A1 ). Results were nearly identical to those in Table 5 .
Delivery strategy: To investigate a potential effect due to delivery per pen vs. delivery based on individual weight, we analyzed the subset of data on individuals delivered on the basis of individual weight (''Delivery based on weight'' row, Table A1 ). Estimated genetic parameters were in line with Table 5 .
Pen size: To investigate a potential effect due to varying pen size, we analyzed the subset of data of the single most frequent pen size (''Only eight-animal pens'' row, Table A1 ). Estimated social genetic variance was greater than in Table 5 (73 vs. 51), but the difference was not significant.
In conclusion, all of the above analyses strongly support presence of heritable variance due to social effects.
